Safe disposal of fly ash generated by coal-based thermal power plants continues to pose significant challenges around the world and in India in particular. Green structural concrete with 80% cement replaced by local Chinese fly ash has been recently developed to achieve a target characteristic compressive strength of 45 MPa. Such green concrete mixes are not only cheaper in cost, but also embody lower energy and carbon footprint, compared with conventional mixes. This study aims to adopt such materials using no less than 80% fly ash as binder in routine concrete works in countries like India with the commonly used lower target characteristic compressive strength of 30 MPa. It is achieved by the simple and practical method of adjusting the water/binder ratio and/or superplasticiser dosage. The proposed green concrete shows encouraging mechanical properties at 7 days and 28 days, as well as much lower material cost and environmental impact compared with commercial Grade 30 concrete. This technology can play an important role in meeting the huge infrastructure demands in India in a sustainable manner.
Introduction
Bulk of the global power demand continues to be met from coalburning thermal power stations particularly in India and China. As a result, in recent years, increasingly large quantities of fly ash, or pulverised fuel ash, have been produced around the world by these coal-fired power plants. It consists of around 600 million metric tonnes in China, around 220 million metric tonnes in India and around 130 million metric tonnes in the United States (National Development and Reform Commission of China, 2014; Yao et al., 2015) . Out of this massive quantity of fly ash, only approximately 70%, 60% and 50% of the fly ash is reused in the respective countries (National Development and Reform Commission of China, 2014; Yao et al., 2015) . The large amount of remaining fly ash is disposed of in landfills, ash ponds or mine voids with the potential risks of air and ground water pollution owing to leaching of trace elements and even serious accidents, such as breach of ash pond (Fernández-Jiménez et al., 2005; Rashad, 2015; Tang et al., 2016) . Fly ash contains trace amounts of toxic elements such as chromium (Cr), nickel (Ni), zinc (Zn), arsenic (As), selenium (Se), cadmium (Cd), antimony (Sb), mercury (Hg) and lead (Pb) in concentrations similar to its source coal. However, it has been classified as a non-hazardous waste as far as its utilisation in beneficial applications, such as in construction (cement, concrete, bricks, roads etc.), agriculture and hazardous waste immobilisation (Dermatas and Meng, 2003) , by environmental Protection Agency of the United States (Environmental Protection Agency, 2000) . The recent demand for fly ash is such that even ash from landfills or ash ponds are being considered for use in construction sector, such as cement production (Rukzon and Chindaprasirt, 2009 ).
In the case of India, the generation, utilisation, as well as disposal of fly ash and its various aspects, such as legal, environmental, as well as the policy of the government, are dealt in the Central Electricity Authority (2017). A technical committee constituted by the National Green Tribunal (2015) specifically deals with the case of the eastern Indian state of Odisha and adjoining region of India. This region has a bulk of the proven coal reserves, with many coal mines and thermal power plants supplying to the national grid. Thus, this coal-rich region generates disproportionately high levels of under-utilised fly ash. This is because eastern India, being an underdeveloped region of India, has comparatively less opportunity for fly ash utilisation, particularly in the construction industry. Thus, the relevance of the research results presented in this article will be significant for India in general and Odisha in particular. Specifically, the low use of fly ash in concrete as a mineral admixture revealed by the data in Table 1 has to increase significantly if India were to achieve the 100% fly ash utilisation goal set by the government.
Since the early 1960s, many countries have begun to recycle fly ash by using it as a pozzolanic mineral admixture in concrete, which brings several benefits. This includes decreasing the environmental impact, heat of hydration, material cost, enhancing the workability and durability, as well as improving the microstructure of concrete (Kayali, 2004; Li, 2004; Wang et al., 2003 Wang et al., , 2004 Yang et al., 2007; . To achieve the goal of sustainable development, ultrahigh-volume fly ash (UHVFA) concrete with more than 60% of ordinary Portland cement replaced by fly ash has been developed to achieve a low carbon footprint and cost efficiency (Rashad, 2015) . A summary of the compressive strength of UHVFA concrete for various high fly ash to binder ratios at 7 days and 28 days with normal curing conditions and without chemical activation is shown in Figure 1 . Previous work of the authors has demonstrated that compressive strength of more than 40 MPa and 60 MPa at 7 days and 28 days, respectively, could be achieved even with 80% of the cement replaced by fly ash in concrete (Figure 1) , by simply lowering the water/ binder ratio to 0.2 and introducing an appropriate amount of silica fume Yu et al., , 2018 .
Research objective and significance
For India, UHVFA concrete can play an important role in meeting the huge infrastructure demands in a sustainable manner (Mehta, 2004) . In many parts of India, low-rise buildings and short-span bridge structures are commonly constructed with concrete of low strength. This study aims to explore the possibility of using no less than 80% fly ash as binder material, to develop a kind of green concrete with ultrahigh-volume Indian fly ash and target characteristic compressive strength of 30 MPa. The mixes were designed based on the mix reported in , and the fly ash/binder ratio, water/binder ratio and/or superplasticiser dosage were adjusted. Since UHVFA incorporation might lead to low early strength, a target of about 20 MPa for 7-day-old Table 1 . Fly ash utilisation in India for year 2016 (Central Electricity Authority, 2017 concrete was set to avoid delays in the construction process owing to insufficient strength gain, and a target of about 38 MPa for 28-day-old concrete was set for obtaining comparable strength with Grade 30 (M30) structural concrete, which is widely used in India. In this article, mechanical properties at 7 days and 28 days were recorded, and the material cost and environmental impact of different mixes were quantitatively evaluated.
Experimental programme

Materials, mixing and curing
The materials used in this study included ordinary Portland cement, fly ash, river sand, granite gravel and superplasticisers. Type I 52.5N Portland cement manufactured by Green Island Cement Co., Ltd in Hong Kong was used, which met all the requirements of BS EN 197-1 (BSI, 2011) . While earlier research in used Class F fly ash provided by China Power and Light Co., Ltd in Hong Kong, this study used Indian Class F fly ash from Kaniha plant of National Thermal Power Corporation from Odisha. The Scanning Electron Microscope (SEM) images of both fly ashes are given in Figure 2 . Table 2 lists the chemical compositions of the cement and fly ash, while Figure 3 presents their particle size distributions. The X-Ray Diffraction (XRD) analysis result for the Indian fly ash is shown in Figure 4 . The maximum size of the granite gravel was 20 mm. To ensure sufficient workability of the mix with a low water/binder ratio, the ADVA TM 189 polycarboxylate-based superplasticisers, provided by Grace Construction Products in Hong Kong, were utilised to adjust the rheological properties of the mixes.
The experimental study was performed in two steps: (i) determining the appropriate mix composition of UHVFA mortar to provide target strength, and (ii) designing a Grade 30 (M30) green concrete as per IS 456 (Bureau of Indian Standards, 2000) with a similar composition from the previous step. A series of mortar mixes and a series of green concrete mixes were designed as shown in Table 3 . It should be noted that the dosage of superplasticisers in Table 3 was the amount in solution form (with 30% solid content). To achieve similar workability, different amounts of superplasticisers were required for different types of fly ash, as discussed in literature (Bapat, 2012; . The fly ash content was varied between 80% and 85% and the water/ binder ratio ranged from 0.25 to 0.30, according to previous research results . In addition to normal curing in . b Data from X-ray fluorescence analysis from HKUST lab similar to that reported by Sahoo et al. (2017) for the same fly ash sourced from thermal power plant of National Thermal Power Corporation (NTPC) at Kaniha, Odisha. a fog room at a temperature of 23 ±2 °C and relative humidity of 95 ±5%, hot water bath at 60 °C was also used for accelerated curing. For both mortar and concrete samples compressive strength and flexural strengths were measured at 7 days and 28 days of normal curing and equivalent hot water curing using the simple maturity model (Naik, 1992) as shown in equation (1):
where M(t, T) is the maturity of concrete as a function of time t and temperature T; T is the temperature of concrete; T 0 is the datum temperature, and t is the time interval. Equation (1) is known as the Nurse-Saul function. The datum temperature (T 0 ) is the temperature at which no increase in strength of concrete occurs with time taken between −10 °C and 0 °C. A Hobart TM HL800 mixer was used to prepare the mortars, while an ordinary pan concrete mixer was utilised to mix the concrete. The flow table test and normal slump cone test (BSI, 2009) were performed to determine the workability of the mortar and the concrete mixes. All the specimens were cast in greased steel moulds. After finishing the surface, the specimens were covered with polyethylene sheets to prevent loss of moisture. All the specimens were stored for 48 hours at room temperature prior to demoulding.
Specimens and testing procedures
For each mortar mix in Table 3 , three prismatic specimens of dimensions 160 mm (length) × 40 mm (width) × 40 mm (height) were utilised for three-point bending with a supporting span of 100 mm, and the six broken half prismatic specimens from the bending tests were used for compression tests (BSI, 2007) . Compressive testing was performed with a standard sample holder to ensure a 40 mm × 40 mm loading area, with the test procedure following BS EN 1015 -11:1999 (BSI, 2007 . For concrete, the prismatic specimens were 300 mm (length) × 75 mm (width) × 75 mm (height) in size and the supporting span was 180 mm. Following similar test procedures to those mentioned above, two steel plates of size 75 mm (length) × 75 mm (width) × 10 mm (thickness) were placed on the top and the bottom of the half prisms to ensure a 75 mm × 75 mm loading area for compression. It should be noted that the test result was converted to the apparent strength of the cube specimen measuring 100 mm × 100 mm × 100 mm, based on the corresponding correction factor (Mehta and Monteiro, 2013) . A servohydraulic MTS TM 810 testing system was used in the displacement control mode to conduct the three-point bending tests at a loading rate of 0.05 mm min -1 . An automatic compression testing machine was utilised to perform the compression tests for mortar and concrete, with a loading rate of 0.3 MPa s -1 . 
Experimental results and discussion
Fresh mix property and density
The mortar and concrete mixes had a distinct light colour given the very low loss on ignition and iron content of the Indian fly ash (Table 2) . It was almost as if the samples were made with white cement. The wet mix also had a cohesive thixotropy indicating self-compacting tendency. The flow table tests measured the flow of the Mix I to III mortars around 250 mm. For the green concrete, the slump value was 150 mm, which is classified as S4 in BS EN206 (BSI, 2000) and is suitable for general constructions. The density of the mortar samples ranged between 2.05 to 2.11 g cm -3 , with an average value of 2.08 g cm -3 . In comparison, the green concrete samples had a density of 2.31 g cm -3 .
Flexural strength and compressive strength
The flexural and compressive strength results are summarised in Table 4 . The compressive strength of the mortar mixes under 28-day equivalent heat curing varies from 40.3 to 47.9 MPa, whereas the compressive strength under normal curing ranges between 13.5 to 24.3 MPa. The green concrete achieved a 28-day equivalent heatcured strength of 34.4 MPa (37.4 MPa for mortar Mix II with the same fly ash content and water/binder ratio), as opposed to a normal cured strength of only 13.7 MPa (16.6 MPa for mortar Mix II). While the results indicate encouraging trends in the case of the heatcured mortar and green concrete samples, the normal cured samples have attained only modest strengths compared with similar mixes using the Chinese fly ash in (Figure 1) . The results from heat-cured green concrete mixes indicate positive prospects for use of such UHVFA mixes in the precast concrete industry, such as spun pipes, sleepers and poles, where heat curing is the norm. However, for routine construction, the current green concrete mix needs to be re-designed and the addition of another source of calcium, such as ground granulated blast furnace slag or alkaline activator as in geopolymer concretes, may be considered, to overcome the lower than expected strength in the ambient cured samples (Hemalatha and Ramaswamy, 2017) . It is also possible that the particular Indian fly ash used in the study has a low glassy/amorphous phase besides being very low in calcium content, which has contributed to lack of adequate strength development under normal curing. This aspect will be further investigated in the next phase of the research. Further work will also need to be carried out to look in to applicability of the conventional maturity model for UHVFA mixes such as these and a new model may be developed for use of future users of such mixes. Finally, it is strongly felt that a new Concrete Mix Design process based on the chemistry of the reaction in UHVFA systems (Yu et al., 2018 ) is needed to promote its application in real life.
Environmental impact and cost comparison
Material sustainability indicators (MSIs) were utilised to quantify the environmental impact. MSIs are calculated based on energy and material flow in the manufacturing process, and are expressed in terms of energy consumption, waste and pollutant release Yang et al., 2007) . The present study adopts two major MSIs, including embodied energy and embodied carbon content (expressed as CO 2 ). Table 5 lists the embodied energy, embodied carbon and material cost (based on data from India) for each component of concrete. The MSIs per unit volume of conventional M30 concrete and green concrete in Table 3 , are calculated and summarised in Table 6 . For both the embodied energy and embodied carbon, the MSI of green concrete is only around one-quarter to one-third that of conventional M30 concrete. At the same time, the material cost of green concrete shows a decrease of 35% compared with M30 concrete. It should be noted that the MSIs and cost comparisons in the present study only focus on the manufacturing process of the material used. True assessment of the total environmental impact and cost should be evaluated based on the life-cycle analysis of a specific type of structure (Keoleian et al., 2005; Li et al., 2004) .
Conclusions
This study explores the possibility of using no less than 80% fly ash as part of the binder material, to develop a kind of green concrete with ultrahigh-volume Indian fly ash and target characteristic compressive strength of 30 MPa. While the properties of UHVFA concrete may be affected by the chemical composition and physical properties of fly ash, based on the materials and test results of the present study, the following conclusions can be drawn.
1. By using a low water/binder ratio of 0.3 and properly combining raw materials, even when 80% of the cement is replaced by the particular Indian fly ash used in this study, a type of UHVFA concrete with adequate strength and workability for structural use in Indian construction is developed. The compressive strength of concrete can reach over 20 MPa at 7-day age, and over 30 MPa at 28-day age under equivalent heat curing. This can be used in precast concrete industry. 2. The mixes under normal curing conditions yield strengths much lower than expected, which could be owing to the very low calcium content of the fly ash or low glassy/amorphous phase of the reactive oxides in the same. This remains to be investigated and addressed by part replacement of fly ash with ground granulated blast furnace slag and/or use of a mildly alkaline activator to achieve the target strength under normal curing. 3. The replacement of a high percentage of cement by fly ash can significantly reduce the environmental impact and material cost. Compared with commercial Grade 30 concrete, the developed green concrete shows a reduction of around 70% in CO 2 emission, a reduction of more than 60% in embodied energy and a reduction of about 35% in material cost. 4. Relevance of the research results for China and India are identified. The future directions of research to help achieve 100% utilisation of fly ash generated in India have been suggested. (Zheng, 2009) 600 (Zheng, 2009) 100,000
INR: Indian Rupee. 
